MIT'E

T
-
S

I

mn
167

M—

s 1y

TR R
S 1
Mflli=.°_

i

ll!lib..

MICROCOPY RESOLUTICN TEST CHARY
NATIONAL BUREAU OF STANDARDS ~ 1963




DOCUMENT RELEASE

DOCUMENTS

]

FOR RELEASE OF NEW OR REV ISED

TEST REPORTS

THE BOEING COMPANY - VERTOL DIVI::ION

SHEET RELEAJE NO, S

1 ooer ]

b LAGSIFIED TITLE REl., DATE DOCUMENT OR REPORT NO, '
L STURNEL ESTS OF A PULL SCALLE P222-10059-1
PEGHLESLS PROP/ROTOR DESIGHED FOR | E0 NO, SECURITY CLASS - s |
1 BOEING MODEL 222 TILT ROTOR AIR- ) | DEFENSE 7 '
LA L |oiLIMITED PR TR Coosu
MOLEL (1 APPLICABLE) CONTRACT REQUIREMENT DISTRIBUTION "(',.,v KR
CATEGORY : :
CONTRACT NO,
P 222 Bﬂ*ms [juo HAS2-6505 Oa e Qe %
! L = - . - = - = H 2
' SHEETS SHEFTS
DISTRIBUTION lNFORMATION ADSED REVISED
i , G(VE NAME, 0RGAN|ZATION MAIL ISSUE | KEEP uP
13$4ED TO AND ORGANIZA‘T!ON NUMBER stop | 9TY- | no, 10 oate
CNGINEERING LIBRARY, 7214 P32:01 2
| RECORDS MANAGEMENT, 1543 P30.70 1 )
‘ e — e R S
| ENGINEERING RELEASE, 7213 P 1519 1 4 1 Vallum
M. Klein P32-23| 1 ) .
‘K. Grina P32-04| 1 :
}L\J Peck P30=12 1
| J. Magee P32-23 5
1. Alexander P32-23 1
.. Hooper . — P32=75 1
"R, Gabel P32~40 1
. \j . llijva P3l~75 ]
1D, Richardson P30-26 1
'K, Gillmore P30~03 1
- R, Taylor P32~48 1 |
1 G. . Walsh e e iP32=71 4 1
~J. Duvivier P31~38 1
C. Ellis P30~18| 1 }
i, Bishop . e |P32~48] 1 ]
;. Blake P30~31| 1 |
J. Morris P30-31 1 !
J. .Q'Leary . e 4P32=71 0 1 B
L. Hengen P32=-71 1 oo g
}‘ Leone P32-48 1 ORIGINATOKR & DATE
L. Tarzanin . . |P32=48 1. 1. S
Ww. Fason P30~31 1 ! PTORTROLI ING ORC -
., llarris P38~07 1 1 ”
o, Ekguist 238=071. 1 el Proliminary
, Design - 7040
NAS: - CALIFORNIA 20 4 1 Vallum
T T T R T - MAIL STOP - F’HONE ’
P32-23,12238
: e o ~ AU > RIAA ;Ii?lGNA TURE
HEMARKS :
TOTAL
“oocumems/ J. P,, Magee --
£0's CON oL PO)M' S(GNATUF«E
[ TOTAL o -
RELEASE CUSTOMER SIGNATURE
FORMS




REV LTR

A; 1

THE ””EING COMPANY

VERTOL DIVISION - PHILADELPHIA, PENNSYLVANIA

CODE IDENT. NO. 77272

NUMBER D222~10059~1

TITLe Wind Tunnel Tests of a Full Scale Hingeless

Prop/Rotor Designed for the Boeing Model 222

Tilt Rotor Aircraft

ORIGINAL RELEASE DATE_____ ., FOR THE RELEASE DATE OF
SUBSEQUENT REVISIONS, SEE THE REVISION SHEET. FOR LIMITATIONS
IMPOSED ON THE DISTRIBUTION AND USE O INFORMATION CONTAINED
IN THIS DGCUMENT, SEE THE LIMITATIONS SHEET,

MODEL 222 CONTRACT ___ NAS2-6505
ISSUENO. ______ ISSUED TO:

DATE 4 [\?. '73

PREPARED BY
APPROVED BY

pate 4 f12 [73.

g DATE _ 7/ .
e AN DATE %j/ 5/73

APPROVED BY ‘Mw/ DATE 4-/6 A

FORM 43280 (8/88) SHEET i




Lo e e et

NUMBER
THE Bﬂfl”a 7coMPiNj 3 o .

REV LTR

LIMITATIONS |

This document is controlled by Organlzatlon“ 7810

D222-10059-1

All revisions to this document shall be approved by the
above noted organization prior to release.

e e e

LR A R LR

e

SHEET ii




“»

P i

xkviii

THE Bafl”a COMPANY

NUMBER
REV LTR

N222-10059-1

A

ACTIVE SHEET RECORD

SHEET

NUMBER

REY LTR

ADDED SHEETS

—

SHEET
NUMBER

SHEET

REV LTR

NUMBER

]
!

"REV LTR

SHEET

NUMBER

‘1 e

REV LTR

ADDED

SHEETS

SHEET
NUMBER

REV LTR

SHEET
NUMBER

{

REV LTR

i
iii
v
v
Vi
via
viii
i
X
X1
x1i1
¥iiij
Xiv
X‘l?
Xvi
AV1i
Ckviii
X1x
XX
xxi
A¥ii
Kxidi
UXiv
XXV
xxvi
KXVl
xkviii
Xxix
XXX
XxXxXi
Kxxii -
Xﬁxi@i
KXX1V
XXV
kxxvi
xkxvii

e e e

>

e RN el A

Kxxi X

XL
XI[I
XLII
KLITI
XLIV

PLBL PRI SPPPERRE PRI REEP PR DR

iia A

xia A

XLV

XLVI
XLVII

RLVIII
XLIX

LI
LII
LIII
LIV

v
LvI
LVII
LVIII

B PSP D> D

B

LiVa
LIVbh
LIVe

> P>

MORM 46282 (7/87)

SHEET ii (a)




D222-10059-1

A- B

NUMBER
REY LTR

v SVMVEINGG corrany

ACTIVE SHEET RECORD

— i —
ADDED SHEETS ADDED SHEETS
| DPPER STER
SHEET | x o SHEET « .
= = Lo - - =
- | SHEET { -4 SHEET ~ ~! SHEET | -1| SHEET o
NUMDER | > > >| | NUMBER | > > ) >
Wl NUMBER | | NUMBER | &| NUMBER | &) NUMBER | i
1 41
2 A 42 A
3 A 43
4 A 44 A
5 45 A
(S} 46
7 47
8 A,B 48
9 49
10 50
11 51
12 52
13 a 53
14 A 54 A
15 A 55 A
16 56
17 57
18 58
19 B 59
20 A. 60
21 61
22 62
23 63
24 64
25 A 65
26 66
27 67
28 68 A
29 69 A
30 70
31 71
32 72
33 73
34 A,B 74
35 R 75
36 76
37 77
38 78
39 79
40 80

FORAM 48283 (12/89)

SHEET 1iii




NUMBER D222-10059-1

THE R”E,NG comPaNy REV LTR A
ACTIVE SHEET RECORND
ADDED SHEETS 3 ADDED SHEETS
SHEET | o x ~ SHEET o o o
- [ = [~ - s
| SHEET | —| SHEET ~ -l sHEET | T| sHEeT | &
NUMBER | NUMBER | &| NUMBER g | NMBER 1 g NUMBER | | NUMBER | o
>4 [+4 [» 4 [2 4 = o ] I o
T e 121
82 122
83 |A 123
84 124 A
85 A 125
36 | A 126
87 127
68 128
89 129
90 130
91 131
92 132
93 133
94 134
95 A 135
26 136
97 137
98 138
99 139
100 140
101 141
102 142
103 143
104 144
105 - 145
106 | A 146
.07 147
108 148
109 R 149
110 150 |a
111 151 |A
112 152
113 153 |
114 154
115 158
116 - . ~156 . .
L7 157
118 158
119 1A 159
120 _. 160 |B ]
PORM 46783 (12 €8

SHEET iv




i .

PR
-

NU D222-10059-1
THE ﬂ&’f’iﬂc COMPANY RECBLETRR /
ACTIVE SHEET RECORD
1 ADDED SHEETS ADDED SHEETS
SHEET | o & | | SHEET | o o -
- = el = . - . ot
- SHEET ~| SHEET ~ ~!  SHEET ~| S3SHEET i
NUMBER a E EJ NUMBER u>4 a >
o | NUMBER | ¥ | NUMBER & | NUMBER | 2| NUMBER o
161 A |I 201
162 A o ! 202
163 203
164 A 204
165 A 205
166 | A 206
167 A 207
168 208
159 209
170 A 210
171 211
172 et 212
173 o 213
174 214
175 215
176 216
177 217
178 218
179 219
180 220
181 R 221 A
182 222
183 223
184 224
185 225
186 226
187 227
188 228
189 229
190 230
191 231
192 232
193 233
194 234
195 235
196 236
197 237
198 238
199 239
200 240

TORM 46283 (7/67)

SHEET v




NUMBER D222-10059-]
THE E”EING COMPANY REVLTR A, BB
ACTIVE SHEET RECORD
ADDED SHEETS ADDED SHEETS
B . NPYER Sf=R e
SHEET o o 3 SHEET o o o
= = L - . - =
- | SHEET | -] SHEET -~ | SHEET | —~| SHEET _
NUMBER | > > 2| | NUMBER | > > >
41 NUMBER | %| NUMBER | o | NUMBER | &} NUMBER | i
T 2a 281
242 282
243 283
244 284
245 285
246 286
247 287
248 288
249 |A 289
250 ‘ 290
251 A 291
252 292
253 A 293
254 294
255 295
256 296
257 297
258 298
259 299
260 300 A
261 301
262 302
263 303
264 304
265 305
266 306 A
267 307 A
268 308
269 309
270 310
271 311 A -
272 312
273 313
274 314 Alp
275 215
276 316
277 - 4 ]-317
278 318
279 319
280 320

FORM 4628?

(2/07)

SHEET wvi




22-10059-1
s AVEVEING <rmar NUMBER - R2%%
ACTIVE SHERT RECORD
T H,i.w' ‘_,.w TN T T I e T S Ry . VW V._...AT__»
ADDED SHEETS ADDED SHEETS
SHEET o [ o SHEET <3 o o
~ - = - - [
~| SHEET | ~| SHEET | ~ ~| SHEET | ~| SHEET | %
NUMBER a 5 E NUMBER E > ~
o NUMBER o NUMBER o & NUMBER g NUMBER &
221 i 361
322 362
323 13 363 B
324 2] 364 B
325 B 365 B
346 3 366
327 367
328 368 B
229 369
330 370 B
351 B 371 B
332 372 B
333 373 B
334 374
335 375
336 376
337 377
338 378 B
339 379 |p
340 380 B
341 381 B
342 382
343 383 B
344 384
z45 385
346 386
347 387
348 388
349 389
350 390
351 391 |__
352 392
353 393
354 394
355 398
356 B 396
357 B 397
258 398
359 B 399
360 400
BORM 40282 ‘7’07’
SHEET wii




THE aai’”a COMPANY

NUMBER
REV LTR

R222-l0059-1

ACTIVE SHEET HEGORQ

ADDED SHEETS ADDED SHEETS
SHEET & . ox SHEET o ox o
-\ SHEET -~ | SHEET — ~|  SHEET | SHEET -
} >
NUMBER E NUMBER E NUMBER é NUMBER &| NUMBER E NUMBER E
401 441
402 442
403 443
404 444
4C5 445
406 446
407 447
408 448
409 449
410 450
411 451
412 452
413 453
414 454
415 455
416 456
417 457
418 458
419 459
420 460
421 461
422 462
423 463
424 464 A
425 465
426 466 A
427 467
428 468
429 46¢
430 470
431 471
432 472
433 473
434 474
435 475
436 476
437 477
438 478
439 479
440 450

FORM 482383 (1/87)

SHEET wviii




NUMBER D222 -10059-1
e SSCVEIN G orrrny REVLTR A ,D

ACTIVE SHEET RECORD

B SR s .
W ADDED SHEETS 1 ADDED SHEETS
SHEET [+ o 3 SHEET o o
[ - : (et b= - -
~{ SHEET | ~| SHEET - | SHEET | 4| SHECT | 5
NUMBER | > > >| | NUMBER | > > >
&1 NUMBER | | NUMBER | & &| NUMBER | &} NUMBER |
481 . 521 R I
482 522 |A
483 523 A
484 524 |M,B
485 525 ALB
485 526 | A
487 527 A
488 528 | A
489 529 A
4990 530 A 530a ,b
491 531
492 532
493 533
454 534
495 535
496 536
497 A 537 A
498 538
499 539
500 540
501 541
502 A 542
503 543
504 544
505 545
506 A 546
507 A 547
508 248 548 | A | 548a
5C9 4B 549 A
510 A SN D 550 A
511 A| 5lla,b 551
512 552 A
513 553
514 A 554
515 A 555
516 556
517 557
518 558
5.9 559
520 560

FORM 46263 (12/68)

SHECT ix



o ABPEING <ovesn

NUMBER
REVLTR

D222-10059~1

!

ACTIVE SHEET RECORD
1 ADDED SHEETS ADDED SHEETS
{ R L e
SHEET | o ] & [ x| | SHEET | o o o
~ - - b= _ | . . -
-~ SHEET - SHEET - - SHEET —~l SHEEN J
NUMBER E NUMB a Z NUMBER Z > >
W ER | | NUMBER | & | NUMBER | &| NUMBER | &
561 T 601 |
562 A 602
563 A 603 A
564 i 604 A
565 605 7\
566 A 606 A
567 A 607 I
568 608 N
569 609 A
570 A 610
571 A 6ll
572 612 A
573 613 A
_ 574 A 614
575 A 615
576 A 616
577 A 617
578 A 618
579 A 619
~ 580 620
561 A 621 -
582 A 622
583 623
584 624
585 625
526 626
587 627
588 6286
589 ©29
590 630
591 631
532 632
593 633
594 624
5905 635
596 ] 536
597 637
598 638
599 639
600 | 640
fORM 48283 (12 '68)
SHEET e




A L

NUMBER p?22—10059—].

THE ﬂﬂflﬂﬂ COMPRANY REVLTR ~

ACTIVE SHEET RECORC

= : e :
ADDED SHEETS | 1 ADDED SHFEETS
SHEET o o 104 SHEET 't 4 o o
b= ' | atd [t = - . -
| SHEET | ~'| SHEET - ~| SHEET | | SHEET i
NUMBER | » > > | NUMBER | > > o
&) NUMBER | | NUMBER | @ @] NUMBER | /| NUMBER |
641 681 A - T
042 682 A
64 683 A
644 684 A
e 635 A
:2:) 686 | A
687 A
647 688 A
648 689 A
649 69C A
650 691 A
651 692 A ‘
082 o 693 A
663 1771 17 11 894 |a
695 A
654 696 A
655 697 A
636 ©98 A
657 699 | A
658 700 A
659 701 A
oo 702 A
> 703 A
661 704 A
652 705 A
663 706 A
664 707 A
665 708 A
709 A
6(36 710 A
667 721 A
668 712 |Aa
669 713 A
670 714 A
671 715 A
672 716 A
717 A
673 718 A
674 A 219 A
A
675 720 |A
6176 A 721 A
677 A 722 A ,
678 A 723 A |
679 A 724 A
680 A 725 A | .

ORM 46283 (12/8%)

——— SHEET xi



NUMBER D222-10059-1

THE Bﬂ![”a COMPANY REVLTR A

ACTIVE SHEET RECORD

ADDED SHEETS ] —‘ ADDED SHEETS ]
SHEET o E 1 E SHEET & f; o
o SHEET -t SHEET 4 -4 SHEET ~| SHEET 5
! > NUMBER > >
NUMBER ';Z‘ NUMBER E NUMBER e & | NUMBER | R!| NUMBER EJ
726 A 771 A
727 A 772 A
728 A 773 A
729 A 774 A
736 A 775 A
731 A 776 A
732 A 777 A
733 A 778 A
734 A 779 A
735 A 780 A
733 A 781 A
737 A 782 A
738 A 783 A
739 A 784 A
747 A 785 A
741 A 786 A
742 A 787 A
743 A 788 A
744 A 789 A
745 A 790 A
746 A 791 A
747 A
7438 A
749 A
750" A
751 A
752 A
753 A
754 Al
755 A
7%6 A
757 A
758 A
753 A
760 A
761 A
762 A
763 A
764 A
7865 A
766 A
767 A
768 A
769 A
776 A i —

CURM 48233 (7737,

sHET x3 (@)




APy vy St .} ok N e

D222-10059~1
e MBMVEING crrany NOMBER  ReviTA™
REVISIONS Rev, B
L.LTR DESCRIPTION DATE | APPROVAL
A Revision A is issuced to incorporate commants

received from HNASA,

Revision A is also issued to make changes in
the Appendices as follows:

Appendix 1 ~ no chandyes

Appendix 2 - no changoes

Appendix 3 = revised Appendix 3 and
added Appendix A3b and
and Appendix A3c

- revised page numbers

- this is a new Appendix in
its entirety

Appendi x
Appendi x

Ul

to list the Roman Numeral sheets which were
omitted from previous submittal

comments ©of Boeing~Vertol,

Active Sheet Record Page ii(a) has bheen added

¢ Revision B is issued to incorporate comments
received from NASA, and also add some additional

FORM 468282 (23/87)

SHEET xii




D222-10059-]
REV A

FOREWORD

This document was prepared by The Boeing Vertol Company of
Philadelphia, Pa., for the National Aerenautics and Space
Administration, Ames Research Center, under NASA Contract
NAS2-6505 and was jointly funded by NASA and U. S. Army Air
Mcbility Research and Development Laboratory, Ames Directorate.
The report presents the results of two wind tunnel tests of the
Boeing Model 222 rotor in the NASA Ames 40' x 80' wind tunnel.
Mr. D. Giulianetti of Ames Research Center was the technical
monitor. Control feedback testing was also performed. Mr. G.

Churchill was the technical monitor for this work.

Mr. J. P. Magee was the Boeing Vertol project engineer.
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RLY A
ABSTRACT

The rotor system designed for the Boeing Model 222 tilt
rotor aircraft is a soft-in-plane hingeless rotor design,

26 feet in diameter. This rotor has completed two

test programs in the NASA Ames 40' X 80' Wind Tunnel undexr
NASA Contract NAS2~6505. The first test was a windmilliug
rotor test on two dynamic wing test stands. The rotor was
tested up to an advance ratio equivalence of 400 knots. The
second test used the NASA powered propeller test rig and
data was obtained in hover, transition and low speed cruise

£1light.

Test data was obtained in the areas of wing-rotor dynamics,
rotor loads, stability and contrc', feedback controls, and

performance to meet the test objectives and are presented

herein.,

KEY WORDS
Model 222 Rotor Stability Derivatives
Hingeless Rotor Rotor Performance
wind Tunnel Test Feedback Control
wWing-Rotor Dynamics . Frequency Response
Rotor Loads
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The rotor systen designed for thoe Bocing Model 222 tilt
rotor research aircraft has bheen tested on two programs
in the NASA Ames 40' X £0' wind tunnel under NASA contract
NAS2-6505. This rotor is a soft in-plane hingeless composite
(fiberglass boron) design. The first test program was a
windmilling configuration mounted on two dynamic wing test
stands. The aeroclastic data obtained on this program
correlated well with predicted behavior and demonstrated
the Boeing dynamics technology used in the Model 222 design.
Testing was performed up to an advance ratio equivalence of

400 knots.

The second test program was a powered test program and covered
hover, transition and cruise flight. A summary of the range of

test conditions achieved is shovn in Figure 1.

The rotor loads obtained on both programs in conjunction with
structural test data indicate an adequate blade fatigue life

with no load alleviation systems operating.

Performance data met or exceeded anticipated performance and
stability and control data were cbtained sufficient to provide

design verification and correlation.
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Two foecdback control aystoms woero tosted:s o Towd alteviation

sy sten and a demping augmentation systom,  The Boceing Modol

222 doos not require cicthor of these systoms,  The Toao
alleviation syston attéﬁuutcdnthd blade loads due to angle of
attack by morc than a factor of {wo, and thoe danping augimentation
system increased the wing vertical bending modal damping as

mach as 5009,

The rosults of these tests provide confidence in the technolocgy
cpon which the Bocing Model 222 tilt rotor aircraft design is

basced.
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INTRODUCTION

The tilt rotor concept is the most promising candidate
for a variety of future V/STOL aircraft applications.
Many Q;Aicle trend, comparison and preliminary design
studies support this view, for example, References 1 to
6. The aircraft combines the hover and low speed
advantages of the helicopter with the cruise éapability
of a propeller driven conventional aircraft. This air-
plane concept has been researched by Boeing and other
companies for several years in addition to research
initiated by NASA (Ames Research Center, Advanced Air-
craft Programs Office), the U. S. Army Aeronautical
Research Laboratory and the U. S. Air Force (AFRDL),

References 7 to 12. This effort culminated in the NASA/

Army proof of concept research aircraft program.

The Model 222 Tilt Rotor Research Aircraft was designed
and proposed by the Boeing Company for this program. The
rotor is a 26 ft. diameter soft in-plane hingeless compo-

site (fiberglass/boron) design.

The rotor system to be used on this aircraft has been
demonstrated and tested in the NASA 40' X 80' wind tunnel

on two test programs. A dynamic test program (NASA 40'
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by 80' wind tunncl test 410) where the rotor system was
“mounted on two dynamic wing test stands was performed in
August-September 1972. For this test the rotor was unpow-
ered and the objectives were to investigate the wing-rotor
aeroelastic behavior. This test also incorporated addi-
tional research objectives concerning feedback to the
rotor controls for load alleviation and acroelastic damping

augmentation.

The second test program (NASA 40' by 80' wind tunnel test
416) was performed in November-December 1972. For this
test the rotor was mounted on the NASA powered propeller
test rig and tested over a wide range of static, transition
and low speed cruise conditions. The objectives of this
program were to measure rotor loads, stability derivatives,

control loads and performance.

The test data obtained on these two test programs is given
in succeeding sections of this volume and provides experi-
mental verification of the technology base on which the

Boeing Model 222 Tilt Rotor Research ALFEFaft rests.
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TEST INSTALLATIONS AND MODEL DESCRIPT TON

General

The model consists of a test stand and a flightworthy 26 foot
diameter hingeless soft-in-plane rotor. fThe test stand (in
the form o%f a nacelle) includes the necessary components for
testing the rotor under varying conditions of collective and
cyclic blade angles. The test stand and rotor wasmounted on
the NASA dynamic wing test stands (Figure 2.1) and the NASA

propeller test rig for powered testing (Figure 2.2).

Dynamic Test Installation

During dynamic tests (NASA 40' x 80' test number 410) the Model
222 prop/rotor with its test stand nacelle and controls was
mounted on two NASA furnished wing stands representing a prop/
rotor aircraft semi-span wing. The aeroelastic properties of the
two wings are given in Table 2.1. The full stiffness wing has
stiffnesses designed to be optimum for a teetering rotor and as
such is not optimal for the M~222 soft in-plane hingeless design,
but is adequate to provide validation of analyses and to explore
the rotor characteristics. The wing torsion frequency is higher
than required and the wing vertical bending freguency is lower
than the Model 222 design. The one quarter stiffness wing has

natural frequencies of one half of the full stiffness wing.

B
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The construction—of—the—-full stiffness wing is a torque
hox with light non-structural nose and tail fairings
resulting in a 13.5% thickness/chord ratio section. The
installation is shown schematically including major dimen-
sions in Figure 2.3. The nacelle mass and balance data in

the dynamic test configuration with and without blades is

given in Table 2.1l.

Wing instrumentaticn consisted of two sets of strain gages.
The wing "root" gages were located 150.62" inboard cf *he
rotor shaft and a little aft of the % chord (62.55" aftL

of rotor plane). These gages were arranged to measure

wing flap bending, wing chord bending and wing torsion.

The wing "tip" gages were located 54.62" inboard of the
rotor shaft and 51.67" aft of the rotor plane. These
gages recorded wing tip chord bending (yaw), wing tip
torsion (pitch), wing tip lift (normal force) and wing

tip drag.

To provide excitation during rotating testing a shaker
vane was mounted outboard of the nacelle which could be
made to oscillate through various amplitudes at frequencies
ranging from 2.0 Hz to 20 Hz. The vane was driven by a

hydraulic motor.
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TABLID 2.1
NASA AMES TEST-I'ULL AND
1/4 ST FFNESS WINGS-PROPERTIIS

Pull Stiffness 1/4 Staiffness

Weight (LB) — 515. T 1026,
Torsional Inertia (SLUG—FTQ) 6.47 2,20
Semichord (FT) 2.583 .583
*Prequencies (coupled blades off)
Wy~ verti~nal bending (cps) 2.5 v, 2
w¢ - chordwise bending (cps) 4.5 2.2
w), - torsion (cps) 11.3 4.5
*Note: Frequencies checked out against test data
Nacelle Weight Data
Note: Data is without blades
Weight = 2000 LB.
5 Tiac
Togpiteh = 250 SLUG-FT P ANE W‘ -y
= nE. —pm2
Iogyaw 250 SLUG-FT | \a |
! \ 2. 7053 "
Icgroll 30 SLUG-FT L i EDOE \ ]
» NACELLE: ¢ .C . l
_A Aj_ - NG & ADES g ‘ ,f_..._. — ‘
, - 8965
i L e
;ﬂis N ‘gﬁgﬁé—sﬂé”’””—A' i ’ '
{ . T !
' L_L/ e T 6.t l
. g
, |
566 —— ‘
l s - | /
Y . l
10
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B TABLE 2.1 (CONT'D)
1/4 AND FULIL STIFFNESS WINGS
NASA TEST STAND MODE SHAPES

AT L bl

5 e
q ~ Mo Tt W T
l“”‘ - y
e
-
¥ r"'
1. Wing Vertical Rending
rall Stiff = 2.5 cps
1/4 Stiff = 1.2 cps
MASS Y
PT. DISTANCE(IN.) X(IN) Y(IN) 2Z(IN) ©x(rap) Oy (rap) ¢z (raD)
1 0 0 0 0 0 0 Small
2 13.75 Small Small . 005 .001 Small Small
3 41.25 ~.001 sSmall .040 .002 Small Small
4 68.75 -,002 Small . 104 .003 -.001 Small
S ©6.25 -.004 sSmall .191 .003 -, 001 Small
6 123,75 -, 006 .001 .293 .004 -.001 Small
7 151.25 -.008 .001 405 .004 -.001 Small
8 165.0 -.009 .001 .463 .004 -.001 Small
9 165.0 -.009 .002 .475 .004 -.001 Small
10 165.0 -.009 . 005 .511 . 004 -.001 Small
2. Wing Chordwise Bending
Full Stiff = 4.5 cps
1/4 Stiff = 2.2 cps
MASS Y
PT. DISTANCE(IN.) X(IN) Y(IN) Z (IN) éaX(RAD) OY(RAD) GZ(RAD)
1 0 0] 0 0 0 0 0
2 13.75 -.005 .001 Small Small Small .001
3 41.25 -.03¢% . 005 -.001 Small Small .002
4 68,75 -.103 .012 -.002 Small Small .003
5 96,25 -.188 .022 ~.,004 Small small .003
) 123.75 -.290 .033 -.0086 Small Small .004
7 151.25 -.402 .046 -,008 Small Small .004
8 165.0 -.460 .053 -.002 Small Small .004
Y 16£.0 -.460 . 099 -.009 0] Small .004
10 165.9 -.460 .236 -,011 0 Small .004

11
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TARIY 2.1 (CONT'D)

3. Wing Torsion

LI OUL D wN

—

ull Stiff

= 11.3 cps
1/4 Stiff = 4.5 cps : S —
v
PLSTANCE(IN.) X(IN) Y(IN) Z(IN) Ox(Rrap) Ov(rap)  ©z(rap)
0 0 0 0 U 0 0
13.75 Small Small -.005 -~.001 -.002 Small
41,25 Small Small -.036 ~.002 ~.007 Small
68.75 Small Small -,089 ~.003 ~,011 Small
96,25 Small Small -,153 ~.004 -.016 Small
123.75 Small Small ~.217  -.005 -.020 Small
151.25 -.001 S8mall -,276 -.005 -.025 Small
165.0 -.001 Small -,301 -.005 -.027 small
165:0 -00L Small ~,012 0 -.027 Small
165.0 -.001 .00l ~.B66 0 -.027 Small

o v v 8 v ———

12
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Yhe sign conventions used during test 410 for positive

wing forces and moments ase shown in Figure 2.4,

Poweroed Tese Installation

The Modal 722 rotor and nacelle uscd during dynamic tosts
wore mounted or tha NASA 40' X 80" wind tunnel propaller
test rig for powered testing (NASA 40' X 80' wind tunncl
test numbeor 416)., ‘fhis installation is shown in Figures
2.2 and 2.%, 'The centerline of the rotor was mounted
close to the tunnel centerline at zerco incidence, Inci=-
dence could be changed by a remntely actuated tall strut,
The angle range available was from 0 to 359 and 55° to
859, the increment from 35° t> 550 was nnt tested Lecause
in this range the blade tip ..-:138 come within 2 feet of

the tunnel roof.

The mass and cg data for the rctor and nacelle is given in
Table 2.2, The sign convention for positive forces and

moments on tect 416 is shown in Figure 2.6,

The rotor was powered by two el ctric motars through a
0.45 to 1 ratio gear box, The motors genérated a noainal
3000 HP at 3000 RPM and the maximum power availagle is a
function of RPM. Ac. normal operating KPM in hover (551)

1200 HP was available to drive the rotor,

14
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TABLE 2.2
NACELLE MASS AND BALANCE, DATA
: POWERED TEST 416 D

. -
Ttems wt.
(Lba)
Nacelle and Conterts 1702
(W.th Blades)
Nacelle and Contents 1330

(Without Blades)

Nctes:

p222-10059-1

e T
A @ Moments of gnsr@iat
(In.) (8lug Ft~) :

x| Tye |fan

25.5 30| 207 | 207

[61]
[y]
@®
=
U
o
-
$3]
®

19.

1. Macs and halance data are for Boeing nacelle and blades
only (shaded portion of Figure 2-5).

2. For C.G¢. location, dimension "A", see Fiqure 2-5,

3. Axes for moments of inertia given in Figure 2-5.

16
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The rotor, nacelle and motnrs were carried on the tunnel
halance although the fairings surrounding the model supports

and the motor case were not. This was to reduce the magni-

tude nf blade off tares.

Rotor System Data

The Model 222 prop/rotor blade design is a soft in-plane
ncn-articulated rotor blade with pitch bearings to provide
cyclic and collective control. The first in-plane bending

frequency is placed less than l/rev. A summary of the

rotor system description is shown in Table 2.3.

_The_Model 222 prop/rotor blade is o composite structure

consisting of a built up unidirectional fiberglass epoxy
and crossply boron epoxy spar and skins, aluminum honeycomb

fairing core and a titanium leading edge erosion striy.

Fiberglass was selected for the spar material to obtain

"High torsional stiffness consistent with low bending stiff-

ness., Torsional stiffness is required to maintain low
blade twisting under operating conditions and to achieve a
satisfactory torsional frequency for stall flutter consid-
erations. The blade length from the centerline of rotation
is 156 inches. The blade chord is a ccnstant 18,85 inches

frem the tip to station .N72R The airfoil shape is the

19
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TABLE 2.3
ROTOR SYSTEM DESCRIPTION
Number of Rotors/Aircraft 2
aﬁumber ;;—Blades/Rotor o o o - 57 -
rﬁggor Bzameter - 26 Ft. ]
Blade Chord 18.85 In. h

Blade Airfoil

-
See Figure 2.8

1

|
— )
Blade Twist

See Figure 2,8

Helicopter Flight Normal Design Rotor Speed 551 RPM
;irplane Flight Normal Design Rotor Speed 386 RPM ]
Hub Configuratioh Hingeless
- ;Torque Offset {(Lead) .65 In, n
rPrecone Angle 2.5 Deg. N
Hover Download Factor 1.05
hDisc Loading at Design Gross Weight 12 Lb/Ft? N
rRotor Solidity +115 n

20
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Boeing-Vertol 23010-1,58 section. An aerodynamic fairing
(cuff) is attached over the inboard section of the blade
starting at station 15.6 and ending at station 54.6. The

blade is twisted 41.08° between the tip and station 15.6.

The tubular spar section is circular at .072R rapidly
kecoming ellintical up to .30R. The secticn consists of

a unif.bergiass core sandwiched by boron crossply inner
and outer torsion vraps. The spar is constructed in two
precured halves spliced together by fiberglass crossply
ihner and outer bonded plates., The cross section is
tailored so that the desired blade bending frequencies

in both hover and airplane flight mcdes are achieved. The
section taper from .1l0R to .30R is designed to minimize

spar stresses due to spar bending moments.

The root end retention assembly consists of five kasic com-
ponents. These are namely a steel socket (SK222-10015), a
glass composite spar (SK222-10007 and 10009), a conically
shaped steel fitting (SK222-10008), an elastomeric bearing
(SK222-10024) and a tension pin (SK222-10021), Figure 2.7.
The spar assembly is a composite of 10025 unidirectional
glass fibers, 10028 crossplied (45°) splices and borcn

crossplied (45°) torsion wraps. The spar is fabricated into

21
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two half sections of the unifibers (.3255t) which are
sandwiched between and bonded to the steel fitting.

The two half sections and the outer splice are layed

uir next and cured to -~ompiete the fabrication process.
Pre~lcaded 1014S glass rovings are wound around the
fitting and spar to giy 2 hoop restraints to the spac
under Lhe action of - entrifugal force. Centrifugal

forces w.e transmiticed to the hub through the elastomeric
wearing and tension pin. The elastomeric bearing ic
threaded on to the fitting and is supported by the tersion

pin.

The blade spar structure from 10 to 45% blade radius does
not includs: the complete airfoil section. The spar was
designed in this manner in order to achieve the reguired
blade lag bending frequencies. The blade airfoil section
is maintained by a cuff which fits over the spar root area.
The cuff (Drawing 8K222-10016) consists of two parts, one
from station 14.60 to 54.6 which is free to flap and lag
with the blade and the other from station 55 to 70 which
is tixed to the blade structure. The inboard end of the
free cuff is hinged to the blade socket at station 15.2 by
an eye bolt assembly, SK222-10016-7. The outboard end is

supported oy tl.e spar through the flexible rubber seal
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and assembly, SK222-10016-16. 9he cuff is basically a
shell constructed of BP907-143/1305 prepregrated glass
woven cloth. The trailing box aft of 50 percent cheid
also includes a urethane core (NOPCCO foam ¢5C0 series 4.5
PCF density). The shell is built in two halves which are
fitted over the spar and bonded together at the final
blade assembly (Drawing SK222-10001). Torsional loads on
the cuff are reacted at the inboard end by a seif aligning
link, SK222-10016-~21, sc that the c¢uff is free to move with
the blade flap and lag motion, without centributing appre-

ciably to the blade stiffness.

The blade twist distribution and thickness chord ratio dis-
tribution is given in Figure 2.8, The design stiffness and
mass properties for the blade are shown plotted in Figures
279 to 2.15. The cuff stiffness and mass properties arz

given in Table 2.4. Figures 2.16 and 2.17 show comparisons

of bending stiffnesses. and.torsional_deflections measured
prior to the wind tunnel tests with design data. The blade

design is discussed more fully in Reference 13.

Nacelle and Controls

The test stand (in the form of a nacelle) provides the

necessary inputs for testing the rotor under varying
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conditions of co'lective and cyclic blade angles. The
test stand and rotor can be mounted on a wing for wind-
milling tests or on the NASA Ames propeller test rig for
powered testing. Rotor rotation is provided by a two
bearing shatft which also carries a slip ring stack
necessary to provide electrical continuity between sta-
tionary and rotating components. One end cof the shaft
has a splined bore to provide drive to the rotor during
the power test only. The other end has a detachable flange
that mounts the rotor hub. Support for the rotor shatt
bearings is provided by a support casing that also provides
the necessary features for mounting the test stand to the
wind tunnel fixtures. Actuator and mechanism ground points
for the upper and lower controls are also provided for on
the support casing. Collective and cyclic blade angle
motions are obtained through a lower control mixing system
which provides the necessary inputs to upper boost actuator
servovalves. Input to the mixing system is by an electric
control actuator, with one actuator for each control mode
(collective, Aj and Bj cyclic), three actuators in all.
SAS units are "piggybacked" on the electric actuators vo
provide a feedback capability, Figure 2.17. The electrical

control inputs to the actuators were made using a control
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panel which had in addition to the primary controls the
cquipment {filters, sign reversals and resolvers) to
provide electrical feedback from any of the fixed system

sensors (accelerometers or strain gages) to the rotor

controls.

The upper controls (which are powered by the upper boost
actuator) consist of a gimbal mounted swashplate incor-
porating a large diameter double row ball bearing (CH-47
swashplate bearing). This provides rotational freedom
between the non-rotating lower ring and the rotating upper
ring. The gimbal ring mounting which supports the lower
ring of the swashplate provides a universal action which

permits tilting of the swashplate about mutually perpen-

dicular axes for cyclic pitch control. The gimbal riag

mount is completed by its attachment to the slider assembly.

Dry bearings in each end of the slider assembly permits the
assenmbly to traverse the slider guide. This motion provides
the collective pitch control.< The slider assembly is
restrained from rotating by the slide scissors linkage
which is grounded out on the slider guide - this in turn
being attached to the support casing. The rotating upper

ring of the swashplate is driven by the drive scissors

linkage which is attached to the rotor shaft hub flange.
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The swashplate motions are transmitted to the rotor
Lblades by the pitch links which connect the rotor
blade inteyral pitch arms to the upper swashplate

ring,

The cngineering drawings of the total assembly and

compound parts can be found in Reference 14.
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3

DYNAMICS

C

The primary objective of the dynamic test (NASA Ames 40!
¥ 80' wind Tunnel Test 410) was to investigate the aero-
elasti: characteristics of a hingeless rotor and wing and

to compare 1his experimental data with pretest analytical

predictions.,

The soft in-plane rotor was tested on two NASA furnished
wing test stands of different stiffpesses in order to meet
this objective. The stiff wing was Jdesignated "full stiff-
ness" and the less stiff wing "4 stiffress" since its first
mode bending and torsion frequencies were one half of the
former. These wing test stands were specifically designed
for a teetering rotor test and resulted in non-optimum rotor-
wing aeroelastic characteristics when used with a soft in-
plare hingeless rotor. A comparison of test full stiff wing
frequancies and M-222 airplane design wing frequencies is
shown in Tatlie 3.1, The airplane wing has higher wing ver-
tical bending and wing chord bending frequencies than the

test "full stiff" model and a lower torsioconal frequency.

Two types of instakility are possible on this type of rotor-
wing configuration. One of these is "whirl flutter" which
involves pitching and/or yawing of the nacelle and blade

flapping out of plane of the rotor. This is generally a high

40




. ol o

D222-10359-1
TARLE 3.1
_WING FRIEQUENCY COMPARISON (Hz)
| B -
‘ Mode Full Stiff h. Stiff L M-—2?2d
wing vertical Bending 2.5 1.2 3,6
;‘ wing Chord Bending | 1.6 2.2 5.4
(qu Térsion 11.4 4.5 1 6.1 ]
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speed ecndition to which the soft ine-plane rotor has a low
susceptibility (i.e. less wing torsional stiffness per

sluy £te of inertia), The other instability is "air rescnance”
which involves hub motion in the plane of the rotor and the
lcad~lag motion of the blades. The low wing vertical bhending
frequency of the full stiff wing model orfered a unique

opportunity to study this mode.

Full Stiffness Wing Test Stand

The predicted air resonance instability boundary and contours
of constant modal damping for the full stiffness wing are
shown in Figure 3.1 and superimposed on Figure 3.l are thlLe
test conditions at which damping measurements were taxen. The
open symbols represent stable conditions and the solid symbols
represent conditions of neutral stability (i.e. zero damping).
The figure shows the instability boundary to be accurately

predicted.

The test procedure used to establish this data was to
increase RPM at constant airspeeds using the nacelle shaker
vane to excite the wing vertical bending mode. The modal
damping was determined from the oscillatory decay of the
s.gnal from the wing vertical bending bridges. In this
instance the air resonance instability arises from tne

coalescence of the lower blade lag mode and wing vertical
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bending mode. The lower blade lag frequency !Ji - uJ})
increases as RPM increases and approaches the wing
vertical bending modal frequency which is unaffected by
RPM. At these conditions "air resonance' is possible
though other physical parameters (e.g., nacelle mass,
wing structural damping, etc,) play a large parcst in

defining the level of modal damping.

Figures 3-2 to 3-5 show the predicted modal damping as a
function of RPM at four airspeeds. The damping of the

wing vertical bending mode decreases as RPM increases

until the stability boundary is reached. Data obtained

from damping measurements is superimposed on the predictions
and shows close agreement. The data scatter obtained
decreases as the mode becomes more lightly damped. At

60 kts and 100 kts it was possible to achieve neutral
stability and define precisely the experimental stability
“'boundary. At higher speeds 140 kts and 192 kts the mode

is stable.

The predicted modal frequencies for 100 kts, 150 kts and
200 kts are shown in Figures 3-6 to 3-8. The experimental
wing vertical bending frequency data is superimposed and

confirms the modal frequency. For Figure 3-6 two experimental
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points for the lower blade lag freguercy are available (sce
Section 4.1). Thece data points show the first mods bending
frequency of the blade to be low resulting in a higher lower
blade lag frequency. The effect of this small discrepancy

is to reduce the RPM at which zero damping will occur and is
thought to be the reason for the 2% discrepancy between pre-
dicted and measured boundaries. TFigure -9 is a caleulated

frequency plot showing all of the modes at 200 knots.

It is noted that the modal frequencies shown in all figures are
fully coupled. The blade lead-lag mode which is generally de-
fined in terms of a cantilevered root end condition gives rise
to two distinct types of rotor mode. In one the blades vibrate
in phase and apply a summed torque to the hub., Since the hub
inertia is small and there is no drive system constraint, a
high frequency collective bending mode results in which the
blades behave as if pinned at the hub center. There is no
simple relationship between the frequency of this mode and the
calculated frequency of the cantilevered mode, 1In thg other
type of mode the blades vibrate ocut of phase so ﬁhét the root
bending moments are reacted in the hub structure. Thus, the
frequencies of these modes are approximately related to the

cantilevered mode frequencies by the formula (Qtwr) where wg

is the cantilevered lag frequency.

The gtatic wing frequencies measured on test are shown i Table
3-2. These data were taken by manually exciting the wing mode

(bang tests). The data agree closely with the values used in
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the calculations shown on Figure 3-1,

'Tha rotor off wiiig freguencies and damping are plotted as a
function of airspeed in Figures 3-1Q to 3-12, Alternating wing
loads measured on RPM sweeps are given in Figures 3-13 to 3-15,
Tnese data indicace that the wing vertical bending freguency
and the wing chordwise bending fregquency become coincident with

one per rev at 140 cpm and 235 c¢pm respectively. These points

are included on Figure 3=~6.

The full stiffness wing=-rotor configuration was predicted to

be stable to speeds in excess of 400 knots at design cruise RPM.
Tests were performed up to the maximum tunnel speed and over a

wide range of RPM as shown in Figure 3-1 and confirmed system
stability. The wing chord bending and wing torsion modes,
predicted to be highly dampe@, could not be excited to a large
enough amplitude to permit data analysis. Further investigations
using spectral analysis technique may yield further information.
The difficulty experienced in exciting these modes is an indication

of high modal damping.
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MODEL-222 FULL GCALE ROTOR TESY IN NASA
AMES 40 X 80 FOOT TUNNEL: FULL STLFF WING

O RUNS 5, 6, 7, 50 KTS
A RUN 83 60 KTS
AIR
== PREDICTED DAMPING AT 50 KTS RESONANCE
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| l
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FIGURE 3-2,

CORRETLATION OF PREDICTED AIR RESONANCE MODE
DAMPING AND MEASURED DAMPING OF THIS MODE
DURING TEST, v = 50 KNOTS AND 60 KNOTS,
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ROTOR TEST 1M NASA

AMES 40 X 80 FOOT TUNNEL: FULL STIFF WING
O MEASURED DAMPING AT 100 KTS
== PREDICTED DAMPING AT 100 KTS
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FIGURE 3-3.

CORRELATION OF PREDICTED AIR RESONANCE MODE
DAMPING AND MEASURED DAMPING OF THIS MODE
= 100 KNOTS.

DURING TEST.
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MODEL~222 FULL SCALE ROTOR TEST IN NASA
AMES 40x80 FOOT TUNNEL: FULL STIFF WING

O RUN 12 AT 140 KNOTS
T == PREDICTED DAMPING AT 150 KNOTS

ROTOR SPEED - RPM

@) l |
5 p-ﬂ&&o 200 300 400 500 600
Q o »e’,?;;: \
5 WING VERTICAL
H BENDING
5oy
3 \ I
* : WING CHORD |
\ BENDING (
1
{
8 3 - ) }
\\ . \WING TORSION |
PRETEST
PREDICTTIONS
12
FIGURE 3-4. CORRELATION OF PREDICTED AIR RESONANCE MODE

DAMPING AND MEASURED DAMPING OF THIS MODE-
DURING TEST. V = 140 KNOTS AND 150 KNOTS.
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MOLEL-222 PULL SCALE ROTOR TEST IN NASA
AMES 40x80 FOOT CUNNEL: FULL STIFE WING

O RUN 14 AT 192 KNOTS
A RUN 15 AT 192 KNOTS
= PREDICTED DAMPING AT 200 KNOTS

ROTOR SPEED - RPM

% L/ 100 200 300 400 500 600
S *

)
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5 \

-

g4 '

5 —

3] WING CHORD

%

BENDING

WING TORSION

PRETEST

8 <
PREDICTIONS

12 1

FIGURE 3-5. CORRELATION OF -PREDICTED AIR RESONANCE MODE
DAMPING AND MEASURED DAMPING OF THIS MODE
DURING TEST, V = 192 KNOTS AND 200 KNOTS.
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TABLE 3.2
FULL STIFFNESS WING STATIC
FREQUENCIES

(SUMMARY OF 3 MEASUREMENTS FPOR EACH MODE)

Mode W ~ Hz Structural
Damping - %

[ oS B L ——— D TR S NIITII —3

Bending 2.50 1.02

Wing Vertical
|
i 2.49 1.16
!

, 2.50 0.986

' Wing Chord Bending 4.54 0.79

i 4.49 0.80
4.50 0.80

B amm o e e e e e+ e

Wing Torsion : B 11.3 1.99

11.42 2.18

11,3 1.86
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NASA AMES TEST 410

NO BLADES
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NASA AMES TEST 4 Lo
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NAGA MAMES TEST 410
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% Stiffness Wing Test Stand

The objective in testing the Model 222 rotor on the %
stiffness wing was to simulate conditions at high forward
speed. The 40' X 80' tunnel has a maximum speed of about
200 knots, The advance ratio equivalence of 400_knots‘yas
simulated by operating the rotor at one half design RPM.
This provides correct simulation of the rotor aerodynamics
with the exception of Mach No. The Mach No., effect isg
small up to the simulated speed and its effect on the aero-~
elastic behavior of thsa model is insignificant. The wing
frequencies were one half the "full stiffness wing" result-
ing in correct simulation of wing characteristics, The
simulation of the blade frequencies is less satisfactory
since at one half design RPM the rotor operates close to
the cne perbrev ~ first mode bending frequency crossing.
This mismatch of blade frequencies produces aeroelastic
characteristics not normally found at 400 knots and design

RPM.

The predicted stability boundaries for this configuration
are shown in Figure 3.16. The analysis predicts insta-
bilities of two modes at a little.;;er two hundred knots.
One is a "whirl flutter" mode and the other an air reso-
nance mode,
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Two test investigations were performed. An RPM sweep was
made at 80 knots to show that the air resonance instability
previously experienced on the full stiffness wing was now
stabilized., At 192 RPM an airspeed sweep was made to track
the damping of the "whirl flutter" mode up to maximum funnel
speed. Unlike the air resonance mode previously investigated
the whirl flutter mode has a "hard" flutter boundary in the
sense that the modal damping changes rapidly with speed as
shown in Figure 3.17. Testing under such conditions involves
gsome element of risk., If the prediction had been unconserva-
tive flutter would have occurred below 200 knots and within
thgwﬁest speed range., Careful excitation ogmzhgﬂcritical
modes and on line tracking of the modal damping was necessary
to ensure that the finite speed increments associated with
large scale tunnel operation did not bring about inadvertent

deep penetration of an unstable region.

The modal damping data measured for both the whirl flutter
mode and the air resonance mode are shown superimposed on
Figure 3.17. Damping of the whirl flutter mode (L -~ d;; )
follows the predicted sharply reducing trend. Extrapclation
of the test data to zero damping indicates a stability

boundary at 215 knots and is shown for comparison on Figure

3"- 16 .
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IFor this airspecd sweep the air resonance mode is more
highly damped; however, the data show good agreement with

the predicted line.

The wing vertical bending modal damping is plotted against

RPM.at 80 knots, Figurc 3.18, The predicted damping shows

a tendency to reduce at about 370 RPM (i.e., just before the
intersection of the (L ~€&fi) frequency and wing vertical
bending frequency (QJ;). The mode is not predicted tc go
unstable. The experimental damping data closely follow

the predicted trend and exhibit the same reduction in damp-

ing at 370 RPM.

The % stiffness wing frequency spectrum is shown in Figure

3.19 and the measured modal frequencies are superimposed.

The degree of correlation obtained in both damping and
frequency measurements clearly demonstrate the capability

of the Boeing methodology.
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MODEL 222 FULL SCALE ROTOR TEST IN 40 X B0 NASA
AMES TUNNEL: 1/4 STIFF WING TEST
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MODEL 222 FULL SCALE ROTOR TEST IN
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powercd Test Stand Stability

Background

The power test stand had been analyzed using a combination
of empirical and analytical data ana found to be stable.

In the cruise and low tilt angle tests this was confirmed.
However, at 83-degrees Ff}E-}t was found that a 0.33 per
rev beat was present in the nacelle vertical accelerometer
at 534 rpm and that the blade loads also showed signs of
frequencies which were not integer multiples of rpm, see
Figure 3.20. This was identified as a rcsonance condition
and indicated that some essential degree of freedom had
been omitted from the prediction analysis., Re-examination
of the layout drawings indicated that the nacelle pitching
constraint would hecome pregressively less stiff as the
nacelle tilted, since the goose neck eventually becomes
horizontal and provides substantially less stiffness than
in the untilted configuration. This offered an explanation
of the source of éﬁ additional deqree of freedom which was
not identified by the structural analysis and shake testing
conducted in 1969, which had both been restricted to";he
untilted case. The changes in the geometry of the pitch

restraint mechanism aie shown in Figureé 3.21 and 3.22. A

rudimentary shake test us_.ng hub out-of-balance conducted
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at the conclusion of the subject test confirmed that such

explain the resonauce condition encountered at 535 rpm.

Test Data

The data from the nacelle accelerometers and gages are shown
in Figure 3.20. The gage on the rotor hub measuring in-
plane bending moment was filtered to attenuate 1 per rev
components and to eliminate higher frequencies. The same

process was applied to the nacelle accelerometer mounted

S —

near the rotor hub and the nacelle moment. The results of

this process are shown in Figure 3.23. The following con-

clusions may be drawn:

1. There is a significant 0.33 per rev vertical motion
(in rotor axes) at the rotor hub, but no such indication

at tie nacelle pitch axis. Thus the oscillation is a

pitching motion about the tilt axis.

2. There is no significant amount of lateral 0.33 per rev

“ﬁotion at the rotor or the pivot axis, confirming that
the nacelle motion is almost pure pitch.

3. The hub gage trace shows a 0.66 per rev oscillation with
a 1 per rev component added. This waveform was synthe-~
sized exactly by combining a 1 per rev trace with a

0.66 per rev trace.
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As a result of these studies of the test data it was
concluded that the oscillation was nothing more serious
than a me;b@n;cal resonance condition and the test

proceeded avoiding this region.

Analytical Studies

Concurrently with the study of the test data an analysis

was made incorporating a pitch degree of freedom. This

was done for two reasons:

1. To demonstrate analytically that the oscillation was a
mechanical resonance with predictable behavior anc which
therefore presented no substantial risk in further testing.

2. To demonstrate that the incident would have been antici-~
pated and preventive steps taken-if information on the
stand frequencies at high tilt angles had been available

prior to the test.

Since at this point the nacelle pitch frequency was indicated
only by the oscillation frequency and its damping unknown,

a range of pitch frequencies and dampings were investigated.
Frequencies of 2.4, 2.9 and 3.6 were investigated with the

results shown in Table 3.3.

These results indicate that the onset of the instability is

relatively insensitive to damping and that the frequericy of

7T
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Table 3.3.

Pitch Freguency

2.4 1z

2.9 Hz

3.6 Hz

D222-1G059~1

RPM and Oscillation Frequency at Onset of

instability

0%

RPM/Hz
517/2.3

560/2.85

595/3.25

72

Damping 2% RPM/Hz
1% RPM/Hz

517/2.3 520/2.4
565/2.9 565/2.95
600/3.25 -
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the instapility is approximately the same as the pitch
mode frequency. However, the observed frequency of 2.95
Hz for the instability implies a pitch frequency of around
2.9 Hz; this in turn implies a stability boundary at 565
RPM and not the observed stability boundary of 535 RPM.
Thus there is a 6% discrepancy in the correlation. An
error in the predicted rpm of this magnitude could be
accounted for by differences between the actual and assumed
blade frequencies. Differences between pfedicted and actual
blade frequency of the required order of magnitude are shown
in Figure 4.11 in Section 4.]. The effect of this reduction

in blade frequency is shown in Figure 3.24.

Post Test Shake

The above conclusions were reached with only deductive know-
ledge of the pitch mode. At the end of the test the blades
were removed and an out of balance mass added to the hub.

The system was then run up at two tilt angles and the vibra-
tion levels were noted as shown in Figures 3.25, 3.26 and
3.27. These responses in the nacelle vextical accelerometer,
the trunnion and the guose neck accelerometer clearly indicate

the existence of a pitch resonance of approximately 2.9 Hz,.

conciusions

The analytical studies and test data analysis and post test

e
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rcesonance investigation all confirm the original conclu-
sion that the coscillation observed at 85-degrees was an
incipient mechanical instability, the mechanism of which

is well understood.
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NACELLE VERTICAL AND
LATERAL ACCELEROMETERS
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FIGURE 3.22 SCHEMATIC OF POWER TEST STAND
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GEOMETRY WITH TILT ANGLE
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M222 26FT DIAMETER ROTOR ON NASA-AMES POWERED
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REV A.

4.0 ROTOR LOADS

The Model 222 rotor is a hingeless, soft-in-plane design. The

name soft-in~-plane implies that thgffirst bending moedal frequency

is less than one per revolution, The second bending frequency is
‘greater than one per revolution. This type of rotor was selected

for several reasons. For example, the hingeless blade design
provides a simple hub design with fewer moving parts than its

hinged or teetering counterpart, providing improved reliability and
maintenance, Hub drag is reduced and also the reduced blade flapping

excursions of the hingeless rotor enable the rotor-pivot dimension

t0 be held to a minimum,

Analysis ond tests indicate that the aerocelastic behavior of the
individual hingeless rotor blade including stall flutter characteristics
are acceptable, Rotor-wing dynamics provide low susceptibility to
whirl flutter instabilities and aithough the lower bklade lag mode

can drive air/ground resonance, the damping of these modes can be
predi-eted accurately by Boeing's analytical dynamics methodology as

shown in fection 3.

The flight envelope of the aircraft is limited by power and alter-

nating bhlade loads.

The first harmonic of the al*ernating blade loads,due L6 angle of
attack and advance ratio,can be counteracted by the application oIl
cyclic pitch control and the limits of the rotor are reached when

either the alternating blade loads
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at frequencies other than one per revolution reach the blade
allowable loads or when the cyclic pitch control input to
negate the pending loads causes pitch link ;qads to reach

theirhgggggue allowables.vvvn N

The tests ran on this rotor were aimed at pProviding experimental
verification of the rotor limits and the sensitivities of blade

Joads to attitude and eyclic pitch throughout the flight envelope.

4,1 BLADE FREQUENCTIES

The first mode bénding frequency of the soft~in-plane rotor
is designed to be in the region of 0.7 to 0.8 Per revolution
throughout its operating envelope. This design requirement
18 a compromise between decreased loads obtaineg by lowering
the blade frequency and increased air resonance modal damping

obtained by increased blade frequency.

Testing was performed on bothmwindmilling and powered tests to
verify the design blade frequencies and these data are given

in Figures 4.1 to 4,11,
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Static Freguencies

The blades were mounted in a dummy hub barrcl fixture and canti-~
levered from a "strongback". Two types of static frequency
tests were run prior to the windmilling tests: shake tests

and bang tests. For the shake tests a +5 lb., shaker was used,
the armature of which weighed 1.7 lbs. An accelerometer
(located at the.hlade tip) was used to measure the blade fre-
quency for initial tests. The location of the accelerometer

was varied in later tests tc define the mode shapes. Since

the first mode bending frequency of the blade was below the
recommended shaker operating rangc, "bang" E?ﬁ?ﬁmvef?”§%§°
performed. The accelerometer signal was recorded on oscillo~
graph and the blade given a sharp rap at the tip. The resulting
oscillatory signal was compared with a 60 Hz trace to determine
frequency. These tests were performed prior to balancing the
rotor and were performed with both no balance weights and with

5 1lbs., of tip balance weights installed.

Blade static frequency data obtained on these tests and subse-
quent blade bang tests are presented in Table 4.1, The data
merked "interpolated" are deduced-from the zero and 5 1lb. tip
weight data after the rotor balance had been performed ard

are the operating condition blade static frequencies. The design

blade static and rotating frequencies are given in Table 4.2.
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REV A
TABLE 4-~1
MODEL 222 BLADE “TATIC FREQUENCIES
FROM SHAKE ANL BANG TESTS
TEST BLADE BENDING MODES Torsion REFERENCE
METHOD NO. 2 3
Hz Hz ‘H'z
i
l - l - i —————— - T_,;'.df(;‘_‘.i A
Bang Nl [ 5 bo2.34 4,66 | TMR 1353
Shake 1 s © 2.34 | 4.80  12.5 42,5 | v
— { i 1 | . . R I
Bang 1 0 2.43 5.09 | " "
; i
Bang b2 5 2.32 | 4.76 | " "
) i | , TS CUSTIUUN S
_{Shake 2 {5 2.32 5.4 ! 13.4 | 40.3 " "
Bang 2 0 2.43 ! 5.06 ; ! n
.; . l S . H e U,
Bang 3 s ' 2,28 4.65 i " "
A i | . - e e e e e e e e < o
Shake 3 .5 2.28 | 5.20 11.65/] 41.6 1 "
2 ! | 14,35 |
g - - |A~ e —— e 7,_«_..__?..0‘._._... o s s fon e o <t e .
Bang 3 0 2.43 | 4.88 : " n
. i . e e g e S} e e e e e e i e e = -
Bang 2 | 0.0354 | 2.35 . 4.74 | | TOM 8-7310-
| AU I %w‘ o fs-t2
i i
Bang 2 . 0.0354 | 2.36 4.73 |
Bang 2 0.0354 | 2.358 | 4.74
} . | - —
Bang 3 0.0 2.33 | 4.70
Bang 3 0.0 2.34 ) 4.70-
. { - B
g - ———— -
- o e e - -
Interpolated | 1 0.533 2.41 ; 5.081
" 2 0.0354 | 2.428 [ 5.056 g
" 3 0.0 2.43 ! 4.88
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TABLE 4-2
MODEL 222‘593951?ESIGN FREQUENCIES
675 RPM | 12 3 4
~16:i '"~551 | 6.6é5 | il!23 56.54.‘ 52.18
;ﬂ21° | 7551 N é:g5§ 11,230 30.25 ““;2.14
P SR e B

31¢° ! 551 6.284 11.424 30,03 52.06

36° - 3égmwmmv5:154““‘—“~E;;QEW*+WM23.25 44.026“
[sac | aes | 44s | e | 22.96 | 4302 |

Data Taken from Reference 13 (D222-10009-1).
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Rotating Frequencies

The natural frequencies of a soft-in~plane hingeless rotor are
& function of RPM since there is a significant portion of the
blade stiffress derived from centrifugal stifféning. The
rotating natural frequencies of the lower bending modes nave
been determined in two ways. First, RPM Sweeps ‘with small
amounts of one/rev excitation (eyclic or angle of attack) were
perforred. As the blade first mode bending frequency coincides
with the rotatiosnal frequency a load amplification is observed
which is particularly noticeable at low collective and airspeed
(low lag mode damping) and is more difficult to determine as

airspeed and collective increase (high lag mode damping). The

w»one/rgg_fxgquency decreases as collective increases, Data

obtained in near hover conditiens on the powered test are agiven
in Figures 4-~1 ang 4-2 for a constant collective 6}75 = B,89)
and also for windmilling conditions at 50 knots and 100 knots
tunnel velocity in Figures 4-3 to 4-5., por these latter nlots
the blade collective is a functiva of RPM ang tunnel speed and

is defined in Section 7 ¢f this report.

The first mcde bending, one per revolution frequency crossing,
is shown to be at 285 KPM for a collective of 8.8° in Figures

4-1 and 4-~2, data obtained in near hover powered runs.
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Figures 4.3, 4.4 and 4.5 show similar RPM sweeps for the wind-
milling case. For the 50 knot condition, Figures 4.3 and 4.4,
the first mode, one per revolution frequency crossing, is seen
to be at about 286 RPM. The small increase in collective and
50 knots of airspeed have increased.the damping of this mode
as can be seen by comparing the load magnification curves. The
modal damping indicated by Figures 4.1 and 4.2 is 5.6% and this
is increased to 9.3% for Figures 4.3 and 4.4. At 100 knots the

one per revolution crossing had decreased to about 215 RPM as

shown in Figure 4.5.

The one per revolution, first mode bending frequency coincidence,
has been plotted as a function of collective in Figures 4.6 and
compared with the pretest prediction of Reference 13. The cor-

relation indicates correct theoretical analysis.
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cyelic shinke Tests

Oscilltatory cyclic shaking was tried as a means of exciting

the first two hlade modes, The transformation of the fixed

Lo the rotating system demodulates the command irequency by

the rotational frequency such that a cy2lic command of (ﬂ.-cok)
frequency excites the blade at (- (R -&))) or W, . A similar

logyic applies to the second mode where the command frequency was

aimed at (JZ'—Lib)‘ These experiments were conuucted at 100 knots,

86 and 420 RPM and also 190 knots, 3€A RPM. The alternating
blade loads due to oscillatory cyclic excitation are given in
I'igures 4-7 to 4~-10. These tests were performed on the windmill

test using the full stiffness wing.

The alternating flap bending data of Figure 4~7 shows two small

amplifications at excitation frequencies of 1.55 Hz and 1.3 Hz

and a further more pronounced "hump" at 2.2 Hz. This latter case
is undoubtedly the wing vertical bending natural frequency and
this data agrees with that given in Section 3. The (&.-d )

and (ﬁL—caB) frequencies are well damped and not easily excited.

Similar data was taken at 420 RPM on Run 28....The.chjective of
this run was to establish the wing vertical mode. As a result,
no data points were taken in the frequency range 1.3 to 2 Hz,.

The data.points _do., however, indicate a load amplificaticn peak
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between 1.5 Hz2 and 1.75 Hz. These experiments were repeated
at both 386 RPM and 420 RPM at 150 knots airspeed on Run 71
of test 410 and the data obtained is presented in Figure 4.9.
On Run 71 the inboard blade gages were inoperative such that
the gages available lack the sensitivity of those previously
used at 10.5%R. At 386 RPM there is a significant load ampli-
fication at 1.5 Hz. At 420 RPM there is little or no evidence
of frequency crossings. A small load amplification occurs in

the flap bending; however, repeat points do not show this effect.

Cyclic shake data at 190 knots, 386 RPM, was obtained on Run

33 of the windmill test and is given in Figure 4.10.

The objective of the RPM sweeps and cyclic shake tests was

to generate data points for correlation with the predicted
blade freguencies. Figure 4.11 shows the predictions of the
first two bending modes as a function of RPM. The solid lines
correspond to a 100 knot windmilling c¢ruise flight condition
and the broken lines are the hover flight condition. Super-
imposed are lines of constant per revolution frequency (.75,
1, 2, 3) and also for the cruise predictions the demodulated

fixed system frequencies (J2 -C«YL) and (S - 5, ) are shown.

=
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The solid triangle synbols are taken from the static freguency
data of Table 4-1 and show that the first bending mode static
freguency is on its design value. The second bending mode is
about 9% lower than calculated. The solid sgquare symbol is the
1/rev crossing of Figure 4~5 (100 knots windmilling) and the

open ellipse symbol is the l/rev crossing of Figures 4-1 anc 4-2.
These l/rev data correlate closely with the predicted one per
revolution frequencies. The frequencies implied by the cycliic
shake data of Figure 4-7 are shown as open circle symbols. These
data indicate that at 386 RPM the (& -4«)) frequency is a little
higher than predicted and the (2>—Lﬁ3) is lower than predicted.
The first and second mode bending frequencies deduced from the
lower blade lag and flap frequencies slow that the predicted
val%fs are a little higher than the experimental data. The

peak drawn in Figure 4-8 (solid diamond symbol) would give an
(J.- w,) frequency of 107 cpm and correlates with the 386 RPM
data and also with the data deduced from the onset of air
resonance discussed in Section 3. At 100 knots the air
resonance root for the full stiffness wing reached zero damping
it approximately 475 RPM. This condition requires that the lower
blade lag mode frequency be almost coincident with the wing vertical

bending fregquency and allows a further blade first wmode frequency
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point to be deduced. These data taken from several different
test runs seem to agree and indicate that the rotating blade
first mode bending frequency is abcut 5% lower than predicted
in the cruise mecde at 386 RPM, The second mode bending rotating
frequency is also about 5% low, The one per revolution frequency

data indicate that the trend of frequency with collective pre-

dicted 1is correct.
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4.2 HOVER ROTOR BLADE LOADS
In hover alternating blade loads are caused by cyclic pitch
used for trim or contrc] and also by sidewinds. The rotor
design incorporates a precone of 2%° and also a torque off-
se!. (lead) of 0.65". These features are included to reduce
the steady bending locads at the blade root by balancing the
centrifugal force, thrust and airloads at a nominal condition.
The most difficult axis of control to achieve good handling
gualities in hover is aircraft yaw which is in part achieved
by the application of cyclic pitch to generate inplane forces
fore and aft. This cyclic pitch is limited by the alternating

loads produced.

Effect of Cyeclic Pitch

The alternating blade bending loads due to cy. pitch in
near hover conditions (vertical climb, Run 7, Test 416) are
given in Figures 4.12 to 4.15. Data are given for varicus
radial positions on the blade and the predicted loads at
10.5%R are superimposed for correlation. The alternating
chord bending loads due to cyclic, Figures 4.12 and 4.13,

are less than predicted at 10.5% radius. A residual load

of +4500 in.-1bs. exists at zero cyclic and the growth of
alternating chord bending with cyclic pitch is lower than the

theoretical slope.
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REV A
The correlation of alternating flap bending at 10.5% radius

given in rigures 4.14 and 4.15 shows theory and test results

to bre in close agreement.

The alternating flap hending and alternating chord bending loads
have been expressed in terms of resultant alternating strain at
10.5% radius and these data are shown in Figure 4.156. The alter-
nating loads due to lorgitudinal cy:lic agree ver&wéiosely with
prediction. The growth of alternating strain with lateral cyclic

is also in good agreement with the theoretical data: however,

there appears to L~ a loteral cyclic offset of the order of four

tenths of a degree. The cycles to failure from the (mean -3¢ )

line are given for various load levels in Figure 4.16.

The data shown in Figures 4.12 to 4.15 have been plotted against
radial distance in Figure 4.17 for 3.0° cyclic and compared with

predicted load distributions.

“he data shown at 3.9%R is deduced from the hub barrel gages.
The data taken from the blade gages is referred to the blade
axis system (i.e., normal and parallel to the blade chord). The
huﬁ gages record in and out of plane bending and require resolu-
tior to compare with other blade data. This explains why the
hub (in plane) data of Figures 4.12 and 4.13 is lower than the
10.5% data.
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The alternating blade loads obtained during collective sweeps
are given in Pigures 4.18, 4.19 and show low load levels
unaffected by cellective pitch. Figure 4.20 shows a time
history of RPM and blade loads during a shut down. The power
was chopped at 551 RPM and the recorders lesft running. The
polar inertia of the motors and drive system is estimated at

100 slug £t2, with a gearing ratio of 0.45:1.
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REV A
Transition Rotor loads

The blade bending loads in transition are made up of
components at various froquencies, each frequency in
general being an integ.r times RPM. The largest component
is due to the one per rev terms. These terms result from
the one per rev excitation provided primarily by shaft

angle and airspeed and by blade coning and airspeed. Higher

harmonic terms result from the reverse flow region on the

_ retreating side of the disc, the effects of blade motion due

to first harmonic forcing and hub motions.

On the test rig the first harmonic of the rotor loads can

be trimmed out with cyclic pitch.

For the Model 222 design the alternating blade loads are

a function of the cyclic required to trim the aircraft. 1In
the early part of transition the rotors provide the primary
control since the aircraft control surfaces are ineffective

at low speed and the required cyclic differs from that

required for minimum loads giving an increment in one per

rev loads. As airspeed increases it is possible to use
cyclics closer to minimum loads cyeclic by providing trim
moments from the airplane control surfaces. The aircraft
transition loads are thus a function of the control configura-
tion and would be lower with the load alleviation system on
than with the system inoperative for the M-222 control

configuration. All of the data in this section is taken
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tunnel test 416, The data shown

(a7}

from NASA 40' x 80' win
in FPigures 4~21 to 4-23 were taken on Run 19 at a shaft
incidence of 85¢ and a flight speed of 45 kts. These

data were run at an RPM of 500 to avoid a ground resonance
(rotor-test stand) observed at high incidence. The sukject

is discussed in Section 3.

The flap and chord bending loads at 55% radius are low,
Irigure 4-21, and relatively insensitive to collective pitch,
The alternating loads measured on the hub barrel at 3.9%
radius show low in-plane loads at all collectives. The out-
of-plane bending loads increase as collective is either
increased or decre;sed about the minimum load point set up.
(As the blade increases collective, coning is increased pro-
viding additional one per rev loads and as thrust is decreased
the cyclic pitch previously required is excessive and results
in an increase in load due to c¢yclic pitch.) At a collective
of B.9° the cyclics required to minimize the blade root alter-
nating loads were ~5.03° A; and 1.41° By. The cyclics quoted
are in the test axes such that the first harmonic increment
of blade angle is given by:

M9 = -Aj.gg (% + 20) -Bygin (& + 20)
where azimuth and direction of rotation are defined in Figure

4-24- and &9 is positive nose up.
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A summary of all minimum loads cyclics required in tran-

sition is given in Table 4.3,

Figures 4-22 and 4-23 show the alternating blade loads due
to cyclic excursions about the minimum load point. As A3
is reduced from ~5° to =3.4° the alternating blade root
out-of-plane loads increase at about 13,000 in-lbs/° at
r/R = 3,9%. The in-plane loads remain low but exhibit a

minimum at ~4.4° A} or 0.6° less than minimum out-of-plane

loads.

As longitudinal cyclic Bj is increased from the minimum

loads value of 1.41° both out-of-plane and in-plane loads

-increase though the out-of-plane loads show the more pro-

nounced rate of increase (11,500 in-lks/°). The brnding

loads at 55% radius are insensitive to either axes of cyclic.

Figures 4-25 through 4-27 show similar data taken from Run

22 at 83° incidence, 76 kts and 500 RPM,

The alternating bending load out-of-plane at 3.9%R increased
to 30,000 in-lbs compared with 17,000 in-lbs at 45 kts. A
large proportion of this increased load appears to be 2/rev
and 3/rev. The load level cbserved on test was not limiting
from a fatigue stand point and testing was limited by alter-

nating pitch link loads for the pitch links as shown
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in Section 5. The in-plane bending loads increased to
15,000 in-~lbs compared with 11,000 in-1bs at 45 kts. The
bhlade root loads again increase as collective is increased
or decreased away from the trimmed case due to changes in
blade coning., The effects of A; and B; cyclic pitch are
shown in Figures 4-26 and 4-27. The minimum loads cyclic

settings at this conditior were -4.8° A; and 2.79° Bj.

As Aj was reduced to -4.1° the alternating out-of-plane
loads increase at a rate of 10,000 in-1lbs/°. The in-plane
loads which are low at 14,500 in-lbs reduce to 11,000 in-
lbs at -4.1° Aj;. The blade root bending loads increzase as
By is increased or de~reased away from the trim point. The
in-plane loads have a minimum at about 0.4° cyclic higher
than tﬁ;’minimum out~of-plane loads. Out~-of-plane bending
loads at 3.9%R increase at 9000 in-ibs/° B; and in-plane
loads (3.9%R) at 4800 in-1bs/° Bj. The blade loads at

55%R are insensitive to cyclie pitch changes.

Run 21 was at 66° incidence and 80 kts and 550 RPM. It was
possible at this anglc to operate at full RPM. The alter-
nating blade loads obtained at this condition are shown in

Figures 4-28 to 4-30.

The vut-of-plane bending loads increase as collective increases

or decreazes away from the minimum loads condition as previously
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observed at 83° incidence. The increase in alternating
load per degree of collective is increased to 8500 in-
lbs/° 975 at 3.9%R. This effect results from increased
velocity ratio and the increase in thrust pex degree of
collective (and hence coning angle). The in-plane root
(3.9%R) bending moments and the blade flap and chord

beading at 55%R are low and insensitive to collective pitch.

The cyclic pitch settings to obtain minimum loads at this
condition were -2.78° A, and 2.16° B;. The alternating
blade root loads due to excursions in c¢yclic away from
these values are seen to increase in Figures 4-29 and

4-~30. At 3.9%R the out-~of-plane load increases at 17,600
in-1bs/° A; and in-plane load at 4500 in-~lbs/° A;. The
corresponding rates with B; are 19,500 and 4000 in-lbs/¢ B;
respectively. The blade locads at 55% again show Little

dependence on cyclic pitch.

The data presented in Figures 4-31 +to 4-23 are at the ééme
conditicns as Figures 4-28 tou 4-30 but at 500 RPM. The
effent of reducing RPM reduc2d the rate of growth of the
blade root out-of~-plane load and made little difference

to the in-plane loads.
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Run 9 was performed at 105 kts 27° ip and 550 RPM. The
alternating blade loads meaﬁ&rud at this.condition due

to collective and cyclic pitch are given in Figures 4-34
to 4-39. Figures 4-40 and 4-41 show loads due to an
incidence excursion away from the minimum lozd point.

At higher incidences this was not performed since in
changing incidence the test rig inertia was increased by

the fairing inertia (jacks pick up the fairing while

changing iy). This inertia change was considered to be
enough to aggravate the ground resonance instability and

was hence avoided at high incidence.

Figures 4-34 and 4-35 show the alternmating blade loads due

to collective pitch. fThe loads arxe lowé; at this condition

than previously observed. As zero incidence is approached

the effect of coning on alternating blade loads tends to zero. The
effects of cyelic pitch are shown in Pigures 4-36 to 4-39,

At this flight condition the minimum load ¢yclic settings

were -2.12° Ay and 2.56° By. 'The alternating in-plane loads

reach a minimum at 0.35° less A7 (i,e., -1.77). The ocut-of~

plane kending increases at 19,000 in-lbs/° A; cyclic away

from the minimum loads wvhereas in-plane bending is lower

at 7300 in-1bs/° Aj;. The corresponding rates.for Bj are

17,500 in~1bs/° By and 9C00 in-lbs/° By respectively.
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Figures 4-40 and 4-41 show increasing alternating bending
loads as incidence decreases from 27° to 15°, This is
because the minimum load cyclic settings for 27° were _._
used and as_the one per rev excitation from incidence is
reduced the cyclic required to produce minimum loads is
reduced ruvsulting in an excess of cyelic. This
excess cyclic causes the loads to increase. The blade
root (3.9%R) out-of-plane loads increase at 1750 in-lbg/°
and appear to be slightly nonlincar {(Pigure 4-490). oOut-
of -plane loads increase at 500 in-lbs/°. The blade flap

bending loads show low loads (& 5000 in-lbs). Chord

bending at 55%R is low and about 5000 in-1bs.

The last transition point was ut 27¢ iN'and 140 kts, 530
KPM. Tho loads measured on Run 13 are shown in Figures
4-42 to 4-44, The minimum loads cyclic at this tlight
condition were -3,23° Ay and 4.31° ﬁl. Figure 4-42 shows
both flap and.chord loads due to A, cyclic. oOut-of-plane
bending at the hub 3.%%R jnereases at 16,000 in-1lbs/° 2,
and the other loads are insensitive to Ay cyelic. The in-
plane loads show a slight var}ation indicating a minimum
in-plane bending load at about 0.5¢ less A: than for min-~
imum out-of-plane lcads. The sensitivity of out~of-plane

bending to By (Figure 4-43) is higl (24,300 ir~1bs/°). The
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REV A
in~plan5 1nads show a minimum at 0.75° less By than out=of~
plane hunding., The outboard gages indicatz low bending

moments.

The loads Aue to incidence are given in Figure 4.44 and show
increased loads as incidaence is reduced as observed previously

at 105 kr.o:s. The loads grow more rapidly than the 105 knot

cis9. OQut~of-plane bending increases at 4500 in-lbs/° (1750
in-158,° at 105 knots) and in-plane r% 2100 in-lbs/’ (500 in-lbs/°

at 10% knois.

Foz the rransition conditions Lested values of longitudinal and
la=eral cvclic were found (using oslade load monitoring) which
kept the alternating blade loade belcw 50% of the endurance
limit except one condition at 76 knots and 8% incidence (high
thrust and hence high gjglmwhere the loads were about equal to
thé endarance limit. Figure 1 shows a test point past the
boundary at 27° incidence. This hcuudary is only a function of
the contrel configuration and can be moved out by increasing

cy2lic authority. This test point demonstrates this fa-t.
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